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The use of localized vibrational mode (LVM) absorption, a type of IR absorption, allows quantitative measure- 
ments of the concentration of light-atom impurities. Such impurities, e.g. H, N and C, are extremely difficult 
to measure using mass spectrometric techniques, particularly where concentrations are low. Here, Mike 
Brozel explains the mechanisms of LVM absorption and, using Si impurities in CaAs as an example, shows the 
type of information that can be obtained. 
T he quantitative measure- ment of chemical impuri- ties in all semiconductors is 
extremely important. Mass spec- 
trometric analysis (including 
Spark Source Mass Spectrometry 
(SSMS), Secondary Ion Mass 
Spectrometry (SIMS), and Glow 
Discharge Mass Spectrometry 
(GDMS)) have been introduced in 
this series of articles by D. Sykes 
(‘SIMS without sums’, III-b3 
Review,Vol 10, (1997), No 7, pp. 
41-44).These methods are, in gen- 
eral, extremely sensitive, detecting 
impurities at the parts per billion 
(ppb) level. In addition to their 
being rather expensive, however, 
they find the measurement of low 
concentrations of light atoms, 
such as H, N, 0 and C, extremely 
difficult. These impurities are 
residual in the vacuum chambers 
that are the basic structures of 
these types of equipment and 
their presence results in a back- 
ground signal that can be orders 
of magnitude greater than those 
expected from the semiconductor 
sample under test. Only dedicated 
research instruments, where these 
background species are removed 
by using several closed-cycle heli- 
um cryopumps to remove the last 
traces of gaseous species in the 
vacuum, are useful for these mea- 
surements. 
Fortunately, light atoms such as 
these can give rise to a type of in- 
frared OR) optical absorption 
known as localized vibrational 
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mode (LVM) absorption, which 
gives quantitative measurements of 
concentration after an initial cali- 
bration has been carried out. LVM 
absorption has become the pre- 
ferred method for measuring C in 
GaAs, for example. 
What is LVM 
absorption? 
LVM absorption results from the in- 
teraction of light with low mass 
atoms in a crystal. In order to un- 
derstand LVMs, we must look at 
the way that the vibrations of a di- 
atomic crystal lattice can absorb 
light 
A one-dimensional lattice of A 
and B atoms is shown in Figure 1. 
The interatomic- forces are repre- 
sented by springs.There are many 
modes of vibration of this simple 
lattice corresponding to longitudi- 
nal waves of motion of the atoms. 
The longest wavelength, and low- 
est energy, are those in which adja- 
cent A and B atoms tend to move 
in the same direction. Under these 
circumstances it is clear that the 
‘springs’ are barely extended or 
compressed and that the total en- 
ergy of the wave is low. In Figure 1 
the highest energy lattice wave is 
indicated. In this situation, alter- 
nate A and B atoms move directly 
against each other with alternate 
‘springs’ being compressed and ex- 
panded to the maximum extent. 
For A and B atoms of similar mass, 
the wavelength of this wave is of 
the order of twice the interatomic 
spacing.The extension of these ar- 
guments to three dimensions is rel- 
atively simple. 
All these vibrational waves can 
be expressed in terms of 
‘phonons’; the long wavelength, 
low energy phonons are ‘acoustic’ 
while those with short wavelength 
and high energy are ‘optical’. The 
optical phonons represent large 
Figure 1. One-dimensional diatomic lattice with atoms of type A and type 13. The interatomic 
forces a represented by springs. The shortest wavelength and highest energy phonon is 
5 represente by tee motion of the atrows above the atoms. 
Figure 2. The localized vibrational mode of a light atom, m, substituting for an A atom. The 
arrow above rh indicates that the vibrational motion is restricted to that atom alone (see text 
for details). 
LVM absorption 
changes in dipole moment (think 
of the A and B atoms as being 
charged + and - respectively) and 
can interact with incoming pho- 
tons of the same energy and ab- 
sorb them. Acoustic phonons 
represent extremely small changes 
in dipole moment and do not inter- 
act with photons. 
The reason for this short intro- 
duction to photon absorption by 
phonons is to introduce the con- 
cept that there is a maximum pho- 
ton energy that can interact with 
single phonons in a crystal. If a 
photon of energy exceeding this 
maximum phonon energy enters a 
crystal it will not be absorbed, at 
least by the processes described 
above. 
Now consider the introduction 
of a light atom as shown in Figure 
2. If the ‘springs’ attached to this 
atom are not very different from 
those between A and B atoms, it 
will have a frequency of vibration 
that exceeds the maximum 
phonon frequency. If it is allowed 
to have a dipole moment it will be 
excited to vibrate at this natural 
frequency by an incoming photon 
of the same frequency. However, it 
will not be able to lose this vibra- 
tional energy to the lattice be- 
cause no phonons exist at this 
energy to transmit this energy to 
the lattice. It will tend to vibrate 
on its own, moving adjacent 
atoms a little as it moves, in order 
to keep the centre of mass station- 
ary (the incoming photon has vir- 
tually zero momentum and cannot 
transmit net vibrational momen- 
tum to the light atom).The motion 
of adjacent atoms is, therefore, 
- 180” out of phase with the mo- 
tion of the light atom, producing a 
‘Localized Vibrational Mode’. This 
vibration will exist for some time 
until eventually it will be able to 
lose its energy by multi-phonon 
interactions. 
Because its vibrational lifetime 
is long, the LVM of this small atom 
represents a low damped oscillato- 
ry system, i.e. a ‘high-Q’ system in 
electronic parlance.As a result the 
Table 1. Vibrational mode frequencies of substitutional impurities in GaAs 
absorption will take place over a 
small spread of incoming photon 
energies (or wavelengths) and the 
absorption will be in the form of a 
narrow peak. 
Practical aspects 
LVM absorption takes place at 
photon energies above the maxi- 
mum phonon frequency. In GaAs 
this maximum frequency corre- 
sponds to photon energies of 
-285 cm-’ (or -35 urn wave- 
length). Above this energy there 
exists absorption due to two- 
phonon processes. In general this 
‘two-phonon lattice absorption’ 
must be subtracted from a 
spectrum containing additional 
LVM absorption. LVM absorption 
can occur at any energy between 
-285 cm-’ and 10 000 cm” (or a 
wavelength of 1 urn) and, there- 
fore, requires measurements in the 
mid to far infrared (IR). Modern 
Fourier Transform IR (FTIR) spec- 
trophotometers are superbly suit- 
ed to these type of measurements. 
LVM absorption is not particu- 
larly strong and for the measure- 
ment of small concentrations of 
impurities (<lo’” cme3) it is 
necessary to use relatively thick 
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Figure 3. LVM spectrum (4 K) obtained from a heavily Si-doped Bridgman crystal. Absorption 
from 28Si(Ga), 2gSi(Ga) and 30Si(Ga) donors is evident at 384, 379 and 373 cm-‘, respectively. 
The Si(As) LVM line at 399 cm-’ shows the fine structure exhibited by all ‘light’ impurities 
substituting for As atoms. Other features include Si(Ga)-Si(As) donor-acceptor pairs at 393 
cm-’ and Si-X and Si-Y defects around 365 cm-‘. Si-X and Si-Y complexes are associated 
with auto-compensation that occurs at high Si concentration. The background two-phonon 
absorption has been subtracted. (Modified from Propetties of Gallium Arsenide, 3rd Edition.) 
(-1 mm) samples. If the concen- 
trations are high, it is possible to 
investigate impurities in thinner 
samples and even in epitaxial 
layers. 
LVM absorption is not as strong 
as that due to the presence of free 
carriers.This is a great limitation of 
the technique as it is usually neces- 
sary to artificially reduce the free 
carrier concentration before LVM 
measurements can take place; an 
electron concentration of greater 
than -1015 cm3 in a 1 mm thick 
sample renders the material virtu- 
ally opaque in the spectral regions 
where LVM absorption can be ex- 
pected. In order to reduce concen- 
trations of free carriers, the 
semiconductor (usually n-type) is 
either compensated with rapidly 
diffusing deep acceptors like lithi- 
um or copper, or damaged using 
high energy particle bombard- 
ment. In the latter case, it is usual 
to employ high-energy electrons. 
There are disadvantages to each 
technique. The first can result in 
the formation of complexes be- 
tween the rapid diffusers and the 
impurities under investigation, ren- 
dering calibrations of concentra- 
tions extremely difficult. The 
second can result in radiation-in- 
duced complexes involving the im- 
purity atoms, once again making 
concentration measurements diffi- 
cult. In general, electron irradiation 
results in fewer complications, the 
use of aVan de Graaff generator be- 
ing convenient in most circum- 
stances, producing a high flux of 
high-energy electrons of around 
2 MeV energy 
LVM measurements are usually 
made at low temperatures, either 
4 K or 77 K. A low temperature 
narrows LVM peaks and increases 
their magnitude, the product of the 
width and magnitude remaining 
nearly constant, 
Calibration 
LVM absorption lines due to differ- 
ent impurity defects must be cali- 
brated individually (The exception 
to this is the absorption due to dif- 
ferent isotopes of a single elemen- 
tal impurity; these quite distinct 
absorption peaks may be calibrat- 
ed against each other if the differ- 
ent isotopic abundances are 
known.) Calibration must use pri- 
mary methods. These include cali- 
brated mass spectrometry, fast 
particle activation analysis, atomic 
absorption spectroscopy, etc. If a 
single shallow electronic state is 
associated with the impurity, com- 
parison of LVM with Hall data can 
result in a calibration. 
Sites of impurities 
LVM spectra can give valuable in- 
formation on the lattice sites taken 
up by a given impurity species. 
There are two ways in which this 
information is revealed, and it is 
useful to consider the example of 
silicon impurities in GaAs because 
Si is amphoteric in this semicon- 
ductor. If Si takes up Ga or As lat- 
tice sites, the ‘springs’ representing 
the interatomic forces between the 
host atoms and the Si atom are 
slightly different. As a result the 
LVM lines are separated; in this spe- 
cific case 28Sica is at 384 cm-l and 
28Si,, is at 399 cm-‘. Note that it is 
necessary to specify the isotope in 
these cases as natural Si occurs as a 
mixture of 28Si, 29Si and 3oSi. 
The second useful mechanism 
is the small movement given to ad- 
jacent host atoms as the Si LVM 
takes place. In the case of S& 
donors, all four adjacent atoms 
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LVM absorption 
are 75As because As has only a sin- 
gle isotope. The resulting LVM ab- 
sorption is a single sharp line. 
However, in the case of SiAs accep- 
tors the four adjacent atoms are ei- 
ther “Ga or ‘lGa, the relative 
numbers of these being purely sta- 
tistical, resulting from the natural 
relative abundance of -60% and 
40%, respectively. Because of the 
differing environments surround- 
ing the Si,, acceptors the LVM ab- 
sorption consists of several closely 
positioned lines, which produce a 
complex absorption feature. The 
analysis of the shape of this feature 
confirms the identity of the site of 
the Si atom. Typical data resulting 
from high concentrations of Si in 
GaAs, showing all the above fea- 
tures and extra lines due to com- 
plexes are shown in Figure 3. 
The data shown in Table 1 is 
representative of LVM bands 
found in GaAs. Similar though re- 
duced data is available for InP 
Little data currently exists for oth- 
ertypes of III-V semiconductors. 
Conclusions 
LVM absorption is a spectroscopic 
technique useful for the identitica- 
tion and quantitative measurement 
of light impurities in semiconduc- 
tors including III-V compounds. 
Whilst its limitations include rela- 
tively low sensitivity and the need 
to impart high resistivity to the ma- 
terial to reduce free carrier absorp- 
tion, it can perform measurements 
that are virtually impossible by 
other means. 
These include the routine mea- 
surement of carbon in semi-insulat- 
ing GaAs, a critical quality 
assessment of this material, and the 
power to investigate the atomic 
sites of impurity atoms in the host 
lattice. 
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Further reading 
The literature on LVM absorption 
in GaAs and other III-V compounds 
is extensive.The reader will find a 
valuable review in: 
[II Properties of Gallium 
Arsenide, 3rd Edition, edited by 
M.R. Brozel and G.E. Stillman, 
(1996) INSPEC. 
Contact: M.R Brozel 
Department of Electrical Engin- 
eering and Electronics, 
UMIST, Sackville Street, 
Manchester, M60 lQD? UK. 
Tel.: +44-161-200-4746. 
Fax: +44-161-200-4648. 
E-mail : brozel@umist.ac.uk 
